Water scarcity is often a major limiting factor in cotton (Gossypium hirsutum L.) production, and sustaining productivity and profitability with limited water is a major challenge for the cotton industry. A good understanding of the magnitude, timing and spatial distribution of cotton soil water extraction is important for proper irrigation management, and for development of accurate crop models and decision support systems. The overall objective of this study was to evaluate the water extraction distribution of cotton under different irrigation regimes. Specific objectives were to quantify: 1) the depth of soil water extraction as a function of time, 2) the percent of seasonal water extraction from each soil depth, and 3) the relationship between depth of soil water extraction and canopy height. To meet these specific objectives, daily and seasonal cotton soil water extraction were determined from continuous records of water content in the soil profile measured from four irrigation treatments during a field experiment. We found that cotton extracted soil water from as deep as 150 cm, but the percent of seasonal extraction sharply decreased with soil depth. The top 50 cm soil layer accounted for 75% of the seasonal extraction and the top 80 cm, for 90%. We also found that from 32 days after sowing (DAS) to 100 DAS, the depth of soil water extraction increased linearly at a rate of 1.89 cm•day −1 or 2.36 times the increase in crop canopy height. These findings suggest that cotton producers should manage irrigations to maintain adequate moisture in the top 80 cm of the soil profile rather than relying on moisture stored deeper in the profile.
Introduction
Water scarcity is often a major limiting factor in cotton (Gossypium hirsutum L.) production. Therefore, how to sustain or increase productivity and profitability with limited water is one of the biggest challenges facing the cotton industry in many areas of the world. This requires increasing the beneficial use of water, which implies producing more crop quantity and quality with the same amount or even less water. Some workers refer to this concept as to increase crop water productivity. According to [1] , increasing crop water productivity (CWP) requires increasing transpiration while minimizing unwanted water losses, exchanging transpired water for CO 2 more efficiently in producing crop biomass, and converting more of the produced biomass into harvestable yield.
They also suggested that to improve CWP, the most promising and efficient proven techniques were the use of limited supplemental irrigation, to optimize the use of limited water, and the use of water harvesting, to improve farm income in drier environments.
Improving the beneficial use of water requires improving water management at different scales, including the basin, the farm and the field. At the field scale, one of the important issues includes knowing how much water to apply and when to apply it, commonly referred to as irrigation scheduling. If water is limited, then it is important to know the impact of crop stress at different times during the season, so that irrigation is applied when benefits to the crop are maximized and/or negative impacts are minimized. To be able to properly manage water under limited water situations, it is therefore important to know how crops subjected to different water regimes use soil water. Some of the relevant questions include: how much water is extracted? When is water extracted?, and from which soil depths is water extracted? A good understanding of the magnitude, timing and spatial distribution of cotton soil water extraction is important for proper irrigation management, and for development of accurate crop models and decision support systems.
Several models have been proposed to explain the growth of the effective rooting depth and the rate of extraction of soil water by the crop. For example, [2] proposed the following model to explain root zone expansion in a well-watered soil:
where, Z = effective rooting depth at time t (m), Z o = sowing depth (m), Z x = maximum effective rooting depth (m), t o = time to reach crop emergence (days or growing degree days [GDD]), t x = time after planting when Z x is reached (days or GDD), t = time after planting (days or GDD), and n = shape factor, . The n ≠ 1 for cotton suggest that the increase in Z for this crop is non-linear. Also, [3] proposed combining a linear expansion of the effective rooting depth with an exponential decay function, originally described by [4] to explain the extraction of water by a crop from a given soil depth. The exponential decay function, as presented by [5] is:
( ) ) can be obtained by taking the derivative of Equation (2) with respect to time as:
Equations (2) and (3) apply for t > t c . For t ≤ t c , θ = θ a and dθ/dt = 0.
This last model is commonly used in Australia [6] [7] , and has been integrated into the Agricultural Production Systems Simulator (APSIM) modelling framework [8] . However, it assumes that the soil is continuously drying and does not consider the effect of rewetting the soil profile by rain or irrigation. Therefore, it is more applicable to dryland production in arid environments and might not be adequate to explain soil water dynamics in irrigated or humid environments. Both of these models rely on field experimentation to obtain crop-specific empirical parameters.
The overall objective of this study was to evaluate the water extraction distribution of cotton grown under four irrigation regimes. Specific objectives included evaluating: 1) the depth of soil water extraction as a function to time, 2) the % of seasonal water extraction from each soil depth, and 3) the relationship between depth of soil water extraction and canopy height.
Methods

Site Description
Data for this study were collected from a field experiment conducted during the It has a heavy clay texture in the 1.5 m root zone profile, with a distinct change in soil colour from brownish black in the top 90 cm to dark brown deeper in the profile. Physical properties of the soil profile are shown in Table 1 .
Experimental Design
The field experiment had four irrigation treatments and three replications arranged in a randomized complete block design. Each experimental plot was 13 m wide × 20 m long, with the crop planted in the North-South direction. A buffer strip (4 m wide) was allowed between plots and a road (4 m wide) was located at the centre of the research area. The irrigation treatments included a fully-irrigated (T50%), deficit-irrigated 1 (T60%), deficit-irrigated 2 (T70%), and deficit-irrigated 3 (T85%) treatment, for which irrigation was applied when 50%, 60%, 70%, or 85% of the plant available water capacity (PAWC) was depleted, respectively.
Crop Management
The cotton hybrid Sicala 60 BRF, which is a Bollgard® II Roundup Ready Flex® The plots were irrigated individually with bore water using a hand-shift sprinkler system, which was fitted with partial-circle sprinkler heads to avoid irrigating adjacent plots. Irrigations were applied during times with low wind speeds to obtain adequate application uniformity. Irrigation depths were measured using a rain gauge installed at the centre of each plot. Irrigations were scheduled based on weekly measurements of soil water content from each plot using the neutron probe method. 
Measurements and Calculations
Soil Water Content
Soil water content to schedule irrigations was measured weekly using the neutron probe method. A neutron probe access tube was installed in each plot and readings were taken at 10 cm depth increments to a depth of 150 cm with a 503DR Hydroprobe (CPN International, Inc., Martinez, CA, USA), which was calibrated for the soil at the research site against gravimetric soil moisture measurements. Also, soil water content was automatically monitored every 30 min using EnviroSCAN® Solo (Sentek sensor technologies, Stepney, South Australia) capacitance probes installed in each treatment. This information was used to determine the depth of soil water extraction and the percent of water extraction from each soil depth. The EnviroSCAN® Solo data was used for this purpose, rather than the neutron probe data, because it provided a continuous record of soil water content in the different soil depths, which allowed a more accurate assessment of the time when soil water extraction started from each depth.
Each EnviroSCAN® Solo probe was customized to measure soil water from twelve soil depths, including 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 120, and 150 cm. According to the EnviroSCAN® Solo manufacturer, each sensor records moisture data from a soil volume outside the access tube with a sphere of influence of 10 cm vertical height and a radial distance from the outer wall of the access tube of 10 cm. The probes were manually installed in the field on 14 Dec Table 2 . Figure 1 . Normalization containing used to obtain the "water count" readings. The raw soil counts from each sensor were converted to volumetric soil water contents as [10] :
where, θ = volumetric soil water content (cm 3 •cm −3 , or mm of water per 100 mm of soil measured), SF = scaled frequencies, Fa = air count, Fs = soil count, Fw = water count. SF, Fa, Fs, and Fw are all unitless and A, B, and C are empirical factors that depend on soil type. We used values of A = 0.0254, B = 1.00, and C = 0.011, recommended by the manufacturer for soils similar to the soil at the research site.
The EnviroSCAN®So1o data for each treatment was visually inspected to determine the time (DAS) when soil water extraction started from each depth. This point has been defined [11] as "the moment when soil water content (θ v ) begins to decline exponentially with time." On the other hand, [12] determined the depth of extraction from neutron probe measurements, which they called "effective rooting depth" as "the depth at which soil water content was not significantly different from the measurements made on the previous date, during a period of transpiration and in the absence of water supply", following [13] .
In this study, the percent of seasonal water extraction from each soil depth was determined following these steps: 1. The daily soil water extraction for each soil depth was calculated by subtracting the current soil water content to that of the previous day. 2. The daily cumulative water use from each soil depth (cumulative depth ET) and from the whole profile (cumulative profile ET) was calculated. 3. The relative cumulative ET was calculated for each soil depth (relative cumulative EnviroSCAN ET = cumulative depth ET/cumulative profile ET). 4. For each soil depth, the fraction of seasonal water extraction (Seasonal extraction from depth/seasonal extraction from profile) was calculated.
5. For each soil depth, the cumulative fraction of seasonal water extraction was calculated.
Weather Data
Weather variables to characterize the weather conditions during the growing season were measured at the research site using an EnviroStation electronic weather station (ICT International Pty Ltd, Armidale, NSW, Australia), which recorded hourly and daily values of solar radiation (Rs, MJ•m ) and rainfall (mm).
The T max and T min data were used to calculate daily growing degree days (GDD,˚C day), using "Method 1" of [14] as: Open Journal of Soil Science ( )
where, T base = base temperature (˚C) (temperature below which no crop growth occurs). For cotton, T base = 12˚C was assumed. From the daily GDD, the cumulative GDD from sowing (CGDD, ˚C•day) was then calculated. The weather data was also used to calculate the daily and monthly grass-reference evapotranspiration (ETo, mm) using the Penman-Montheith method as detailed in FAO-56 [15] .
Crop Development
As an indicator of crop development, plant canopy height (h) was measured eighteen times during the season, from soon after crop emergence to defoliation. Measurements were made from four representative plants in each plot, from the soil surface to the top leaf. Also, observations about crop growth stage were recorded throughout the season.
Data Analysis
Statistical analysis, plotting, and calculations were conducted with the R language and environment for statistical computing [16] .
Results and Discussion
Weather Conditions
Daily weather conditions during the 2007-08 cotton season at Kingsthorpe are shown in Figure 2 . Daily and cumulative rainfall data are given in Figure 3 and a monthly summary of average weather variables, including daily and monthly ETo, is shown in Table 3 . Higher average monthly temperatures occurred in Tmax, Tmin = Maximum and minimum air temperatures, Rs = Solar radiation RH= Relative humidity, u = Wind speed, ETo = Grass-reference evapotranspiration [b] For Nov and May, only data within the cotton growing season was included. Open Journal of Soil Science 
Irrigation
Irrigation timing and amounts applied to each treatment are shown in Table 4 .
Six irrigations were applied to the wettest treatment (T50%), ranging from 5 to 76 mm per irrigation event. The amount of each irrigation event was adjusted to avoid water loss by deep drainage and the application rate was low enough to prevent losses by runoff. The T60% and T70% treatments received practically the same amount of seasonal irrigation, but with different timing, with the T70% receiving the first irrigation much later in the growing season. The T85% treatment was not irrigated.
Crop Development
Observations about crop development stages, and their corresponding dates, DAS and CGDD, are shown in Table 5 . It shows that the deficit-irrigated treatment started to mature, as indicated by the presence of open bolls, sooner than the fully-irrigated treatment. This difference in crop maturity was due to crop stress affecting the T60%, T70% and T85% treatments.
Crop stress also affected plant canopy height, as shown in Figure 5 . Although there were not significant differences in crop canopy height early in the season, significantly differences occurred in the second half of the season due to the on- taller than the other treatments and continued to grow and to produce new bolls until the crop was defoliated. This is consistent with the fact that cotton is a perennial crop that will continue to grow as long as conditions are favourable. Figure 6 shows the measured daily soil water content as a function of DAS for each soil depth and treatment. There were some missing data for the T85% treatment for a few days near the end of the season due to system malfunction. An increase in soil water content in Figure 6 indicates water input by rain, irrigation, or from redistribution of water within the soil profile due to capillary movement of water from wetter to dryer soil layers. A decrease indicates water output from the given soil depth, mainly due to soil water extraction to satisfy crop evapotranspiration, but can also be due to redistribution of water in the soil profile. In this study, increases and decreases of soil water content due to redistribution, however, were assumed to be minimal compared to the impact of rain, irrigation, and soil water extraction. Figure 6 shows marked differences in soil water contents and water distribution in the soil profile among the four irrigation treatments. There was soil water extraction from all measurement depths down to 150 cm, although extraction was minimal below a depth of 100 cm. Although no soil water measurements were taken deeper than 150 cm, there was no evidence from this study or from previous studies in similar conditions to suggest that significant amounts of water would be extracted from deeper in the soil profile. Figure 6 also shows the DAS when water started to be extracted from each depth and the relative magnitude of the water extraction. In general, as expected, changes in soil water content became less pronounced as soil depth increased. This is due to a reduction in the presence and density of roots as soil depth increases, and to a Figure 7 shows the relationship between the depth of extraction and the DAS when extraction started from a given depth for each treatment. Since depth of extraction or rooting depth cannot normally be seen in the field, it is difficult to take this variable into account with precision when scheduling irrigation.
Daily Soil Water Content
Depth of Soil Water Extraction
Therefore, the depth of extraction was also related to the plant canopy height (Figure 8 ), which can easily be measured in the field. Even though there were slight variations due to irrigation treatment, the depth of extraction tended to increase nearly linearly with both DAS extraction started from a given depth and with plant canopy height. extraction after that time. It should be noticed that 100 DAS was also the time when plant canopy height peaked for all treatments, except the T50% treatment which continued to increase in height after that time, but only slightly. This could suggest that at that time the crop root system also stopped growing.
Extrapolation of the linear function in Figure 9 (a) to the origin allows determination of the "lag period", the time it took for the depth of extraction to start increasing at the linear rate [5] . In this case the lag period was 23.5 DAS. Figure 10 shows that the depth of extraction also increased linearly with plant canopy height. However, the depth of extraction increased much faster than the canopy height, increasing at an average rate of 2.36 times that of the crop canopy height. The linear relationship shown in Figure 10 provides an easy way for cotton growers to estimate the depth of extraction from canopy height, which is easy to measure in the field.
Other researchers have shown that the rate of increase in the depth of extraction, and the maximum depth of extraction, vary with a variety of factors, including crop species, crop variety, soil water content, and growing season. For instance, [3] reported this rate to be 1 cm•day −1 for rice, 2 cm•day −1 for barley, ) for depths of less than 120 cm, the opposite occurred beyond that depth. These differences in the rate of increase of the depth of extraction and in the lag period could partially explain why some crops are more tolerant to water shortages than others.
For cotton, [12] found that the maximum depth of extraction (called maxi- From investigations of soil water extraction from cotton planted in different row configurations, [6] found that soil water extraction occurred to at least 125 cm. For cotton planted on a solid (non-skip) row configuration, they found that the average rate of increase of the depth of extraction varied slightly with soil type. They reported average rates of 2.1, 2.2, and 2.4 cm•day −1 for three heavy soil types for the 1997-98 cotton season. For the same three soil types, they found the lag period to be 37.7, 32.7, and 37.5 days (after sowing). However, the next season (in 1998-99) they found that the depth of extraction increased at a rate of only 1.7 cm•day −1 , with a lag period of 39.7 days. The lag periods obtained by [6] were considerably higher than the 23.5 days obtained in this study. Differences could be due to the fact that their study was conducted under dryland conditions.
Seasonal Water Extraction from Each Soil Depth
The fraction of cumulative EnvironSCAN ETc as a function of DAS for each depth and treatment is shown in Figure 11 . It shows that, as expected, most of the water was extracted from shallow depths early in the season and the propor- 
where, FSWE = fraction of seasonal water extraction, and D = depth of extraction (cm).
The cumulative fraction of seasonal soil water extraction as a function of depth of extraction is shown in Figure 13 . The relationship in Figure 13 can be described by the following equation (R 2 = 0.97): cm, 75% from the top 50 cm, 90% from the top 80 cm, and 95% from the top 110 cm. Low extraction from deeper depths could be due to a combination of low root density, lower water availability, and insufficient time between the arrival of the extraction front and crop maturity, especially considering that by the time the extraction front reaches the lower depths, the crop water demand (evapotranspiration) had already started to decrease significantly. Similarly, Figure 14 shows that taking the maximum root zone depth as 150 cm and dividing the root zone into quarters, 65% of the seasonal water extraction came from the top 25% of the crop root zone, 89% from the top 50%, and 95% for the top 75%. The bottom quarter only accounted for 5% of the seasonal water extraction. Therefore, the top quarter extracted 65%; the second quarter, 24%; the third quarter, 6% and; the bottom quarter, 5%. These results are quite different from the 4:3:2:1 rule of thumb used to estimate the water absorption over the course of a season. This rule of thumb suggests of the seasonal crop water extraction, 40% comes from the top quarter layer of the crop root zone, 30% from the second quarter, 20% from the third quarter and, 10% from the bottom quarter of the crop root zone [17] . The much higher extraction from the top quarter observed in this study compared to the 4:3:2:1 rule of thumb was likely due to the fact that with the sprinkler irrigation system used in this study, small Open Journal of Soil Science irrigation depths were applied rather than refilling the soil profile during each irrigation event. Therefore, the small irrigation depths only tended to wet the top quarter of the crop root zone.
Our findings are consistent with those recently reported by [18] for cotton, who found negligible change in soil water content in layers below 120 -135 cm depth, indicating that the top 120 cm soil depth accounted for over 95% of the root water extraction. However, in our study, 95% of the seasonal soil water extraction occurred from an even shallower depth of about 110 cm.
These results then suggest that irrigation for cotton should be targeted at wetting only the top 80 cm of the soil profile during each irrigation event, which accounted for 90% of the seasonal water extraction. This means reducing irrigation depths during each irrigation event and increasing irrigation frequently.
Currently, the common practice in the Australian cotton industry is to allow relatively high soil water depletions and then applying furrow irrigation to refill the profile to depths far exceeding 80 cm. This common practice is likely to produce crop stress, resulting in lower yields, and water losses by deep drainage and runoff.
Many growers, however, believe that no deep percolation losses occur in the Open Journal of Soil Science heavy soils common in Australia due to low infiltration rates. However, recent studies have shown that significant losses do in fact occur. For example, [19] evaluated surface irrigation events in cotton fields in Queensland and found that at the field level, irrigation application efficiencies varied widely from 17% -100% with an average of 48%. They also found that deep percolation losses averaged 42.5 mm per irrigation event, representing an annual loss of up to 2.5 ML/ha (250 mm). Also, [20] found that for furrow-irrigated cotton fields in Australia, annual deep drainage rates of 1 -2 ML/ha (100 -200 mm) were typical, and that values ranging from 0.03 to 9 ML/ha (3 to 900 mm) had been observed.
Conclusions
We found that the depth of soil water extraction for cotton increased linearly with DAS, CGDD, and plant canopy height, from 32 DAS to 100 DAS, until a maximum depth of extraction was reached. The depth of extraction increased almost linearly with DAS and CGDD at a rate of 1.89 cm•day −1 and 0.165 cm per ˚C day, respectively. The depth of extraction also increased almost linearly at a rate of 2.36 times the crop canopy height during the same period. In this study, however, we were not able to assess the nature of the increase in depth of extraction prior to 32 DAS, before the depth of extraction reached 10 cm. However, the depth of extraction did not start to increase at the linear rate starting at sowing or crop emergence, but there was a lag period that we estimated as 23.5 days.
Since depth of extraction is difficult to evaluate in the field, the good linear relationship between depth of extraction and canopy height obtained in this study can be used to assist in irrigation management.
We also found that about 90% of the seasonal water extraction by the cotton crop took place from the top 80 cm soil depth, and depths below 110 cm accounted for only 5% of the seasonal water extraction. The practical significance of these findings is that cotton producers should manage irrigation aimed at maintaining adequate soil water content in the top 80 cm of the soil profile by applying frequent and light irrigations. This contrasts with the current common practice in the Australian cotton industry of applying large irrigation depths to refill the soil profile during each irrigation event, which could lead to large water losses. The information obtained in this study is also valuable for modelling cotton soil water extraction pattern and water use.
